Field experiments were conducted in the lower reaches of the Heihe River basin in the northwest of 
INTRODUCTION
Knowledge of aquifer and river water interaction is important for understanding the continuum of groundwater and surface water hydrology (Chou & Wyseure ) . Quantification of interactions in surface-groundwater systems is an important research area because of its central role in conjunctive water management and efficient utilization of water resources (Sophocleous ) . The interaction between surface water and groundwater affects the hydrological cycle in a river basin (Engeler et al. a; Cai et al. ; Nakamura et al. ) , and it is one of the critical components of hydrological processes (Wang et al. ) . In arid and semi-arid regions of the world, water resources are limited, and under severe and increasing pressure due to population growth and increasing water use for irrigation (Ghazavi et al. ) . Therefore, an understanding of interactions between surface water and groundwater is needed for effective management of water resources (Sophocleous ) . It is important to be able to quantify water exchanges between streams and aquifers (Osman & Bruen ) . Recharge quantification is an important prerequisite for effectively managing groundwater resources as recharge estimates are needed to determine sustainable yields of groundwater aquifers for sustainable exploitation of the resource (Obuobie et al. ) . In this context, the main objectives of this study were:
It is important to identify interactions
(1) to quantify interactions between stream and aquifer; (2) to determine the effect of ephemeral streams on groundwater in the riparian zone; (3) to assess the extent of river-groundwater interaction in a riparian forest region, especially to find the relationship between stream lateral seepage and riverbank storage; and (4) to determine the difference between groundwater storage changes in different locations away from the riverbank and to estimate the lateral seepage from stream to groundwater.
STUDY AREA
The field experiments were carried out in Alashan Desert Eco- and West Juyan Lake; the highest point is in the southern Langxin Mountain. This study area has a multilayered aquifer system with Quaternary unconfined aquifer overlying confined sand and limestone aquifers. The lithologic characteristics of the aquifer system vary gradually, from gravel to fine sand, from the south to the north of the basin, and the water table gradually becomes shallow in the north. The aquifer system transforms from a one-layer phreatic aquifer to a several-layered unconfined-confined aquifer system.
The one-layer aquifer system is in the south of the basin, and the several-layered unconfined-confined aquifer system is in the northern part. The depth of these layers is 50-500 m, the depth of aquifers is 150-200 m. The groundwater depth is less than 7 m for most of the area. The salinity of shallow groundwater is greater than 1 g/L.
Groundwater is primarily used for drinking water and riparian forest growth (Xi et al. ) . 
METHODS

Field measurements
Precipitation and streamflow data 
Hydrochemistry analyses of water samples
The water samples were collected from the East River, unconfined and confined groundwater near the East River from upstream to downstream, springs as well as Juyan Lake during 10-15 October, 2012. In total, 26 water samples were taken. Laboratory analyses were carried out to determine the salinity of water samples. Milli-Q water was used for cleaning containers and sample-processing equipment.
Samples were diluted in closed polyethylene containers and analyzed for cations (Na 
Analysis methods
Groundwater storage changes
The groundwater storage was estimated by WTF method.
The WTF method is based on relating changes in measured water-table elevation in groundwater with changes in the amount of water stored in the aquifer (Delin et al. ) :
where ΔS is change in groundwater storage in a defined time interval (e.g., t 0 to t) (mm), S y is specific yield of the aquifer (dimensionless), and Δh is water level rise in observation wells at a defined time interval (e.g., t 0 to t) (mm). This method assumes that: (1) the observed well hydrograph depicts only natural water-table fluctuations caused by groundwater recharge and discharge; (2) S y is known and constant over the interval of the water-table fluctuations;
and (3) the pre-recharge water-level recession can be extrapolated to determine the Δh.
In this study, the Δh is estimated by a master reces- 
Estimation of lateral seepage from stream to groundwater
Stream lateral seepage was estimated at the W5 site with a point scale based on the observational data on the experimental section of riverbank in this study, so the twodimensional water balance method was used to calculate the stream lateral seepage to groundwater control volume.
The schematic diagram of the conceptual model is shown in Figure 2 . The water balance formulation of groundwater control volume can be expressed as:
where P is precipitation; and RF is irrigation return flow (mm); Q in is stream lateral seepage recharge to the groundwater unit (mm); ET is evapotranspiration from the groundwater unit (mm); PG is groundwater extraction by pumping (mm); Q out is groundwater lateral discharge from groundwater unit of riverbank to stream (mm); and ΔS is change in groundwater storage (mm).
For this study, there was no irrigation return flow and groundwater extraction, so that RF and PG equal zero; therefore, Equation (2) can be simplified as:
If the Q in À Q out equals a positive value it indicates stream lateral seepage to groundwater, while a negative value of Q in À Q out represents groundwater lateral discharges to the stream. Thus, the difference Q in À Q out is defined as Q net , that is:
where Q net is net lateral seepage (mm).
The formulations (3) and (4) are combined as:
Other analyzing methods 
RESULTS
Streamflow variability of East River
The streamflow of the East River is mainly controlled by the 
Groundwater depth variations
The groundwater depths of observation wells presented dra- There were large differences between the changes of groundwater depth at W1 and those of the other observation wells. Figure 5 shows the scatter plots of groundwater depth at W1 against those of the other observation wells. The results indicate that the correlation coefficient is decreasing with the distance of the observation wells away from the riverbank.
Response of groundwater change to streamflow
The correlation between streamflow and groundwater depth
The observed groundwater depth responded strongly to the streamflow events and the responses were lagged by several hours to days depending on the distance away from the riverbank. As shown in Figure 6 , the groundwater level started to rise after a period of time when the streamflow passed the section. The streamflow is larger, the rise of groundwater level is higher. For example, the streamflow of the East River lasted about 92 days from 3 August 2012 to 2 October 2012, the groundwater levels started rising sharply from levels at other wells also began to rise gradually from 18
August 2012. The groundwater levels continued to rise after the streamflow events and then started to fall in all the observation wells.
There was significant negative correlation between streamflow of the East River and groundwater depth at W1
with correlation coefficient À0.26, p-value <0.001 at 95% confidence level, as shown in Table 1 
Groundwater response time to streamflow events
The ranges in groundwater table depths gradually decreased with the distance away from the riverbank. The response time of groundwater table to streamflow events increased with the distance away from the riverbank. As shown in Table 2 , the maximum coefficient of variation was 2. 
Magnitude of groundwater responses
The amplitudes of the groundwater depth showed stronger correlation with the total streamflow than the maximum and mean streamflow and persistent period of the East River When the streamflow suddenly increased, the groundwater storage evidently increased at all wells, but magnitude of groundwater storage increase declined as the distance away from the riverbank increases. The changes of groundwater storage at all wells also lagged behind the changes of streamflow. There was a total opposite trend between the groundwater storage and ET in the study area (Figure 7) , that is, when the ET was relatively larger, the groundwater storage would be relatively smaller for all observation wells. It also confirms the observed results that the East River dried up when the desert riparian vegetation grew from April to August, so that the vegetation growth only relied on the groundwater, leading to a sinking groundwater table. There was no significant relationship between the precipitation and the groundwater storage. The results of groundwater storage estimated during different periods at all observation wells are shown in Table 4 . The results calculated by Equation (5) percentages of unconfined water samples were higher than that of river water samples. The total dissolved solids (TDS) of unconfined water samples was higher than that of river water samples. This could be due to the concentration caused by transpiration of groundwater in an unconfined aquifer after river water recharging unconfined water. That is to say, the unconfined groundwater has a close connection with river water in this study. 2012.8.3-2012.11.2 2012.12.10-2013.5.19 2013.6.23-2013.7.14 2013.7.15-2013.7.31 2013.9.6-2013.10.31 2013.12.2-2013.12.31 Well 1 
Influencing range of stream on groundwater
The stream plays an important role in recharging groundwater near the riverbank. The closer to the riverbank, the 
